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Layered transition-metal dichalcogenides (TMDs) family are gaining increasing importance 
due to their unique electronic band structures1-4 , promising interplay among light, valley 
(pseudospin), charge and spin degrees of freedom5-10. They possess large intrinsic spin-orbit 
interaction which make them most relevant for the emerging field of spin-orbitronics11. 
Here we report on the conversion of spin current to charge current in MoS2 monolayer. 
Using spin pumping from a ferromagnetic layer (10 nm of cobalt) we find that the spin to 
charge conversion is highly efficient. Analysis in the frame of the inverse Rashba-Edelstein 
(RE) effect yields a RE length in excess of 4 nm at room temperature. Furthermore, owing 
to the semiconducting nature of MoS2, it is found that back-gating allows electrical field 
control of the spin-relaxation rate of the MoS2–metallic stack. 
Spintronics has started as basic questionings about the coupling between charge currents and spin 
currents in nanostructures which led the field to evolve rapidly and soon yielded practical devices 
such as tunnel magnetoresistance (TMR) read heads and magnetic random access memories 
(MRAMs). Many of the spintronics concepts including the yet elusive spin-transistor12 rely on 
efficient and reciprocal, charge to spin signal conversion. This conversion has long been 
performed through magnetoresistive effects using metallic ferromagnets, however it is only 
recently that the spin-Hall effect (SHE) had made it possible to use non-magnetic materials to 
perform this conversion as long as they possess large spin orbit coupling (SOC). The figure of 
merit of SHE is given by the spin Hall angle (SH). For Pt, by far the most widely used SOC 
material, SH ranges from 0.06 13 to 0.19 14 depending on the measurement method, but for -W it 
can reach up to 0.33 15. SHE torques are most likely to be implemented in future spintronic 
devices like spin-orbit-torque-MRAMs16. As SHE torques are interfacial in nature, the bulk of the 
SOC metallic layer is of little use and could even be detrimental to the energy efficiency of the 
device. It is therefore appealing to consider true 2D SOC systems for the spin-current to charge-
current conversion and vice versa. A few experiments have paved the way toward this direction. 
Graphene has been reported to possess small spin to charge conversion efficiency (SH ~ 10-7 to 
3.10-3) 17,18 unless SOC is extrinsically induced (SH ~ 0.2) 19,20. Topological interfacial states 
have shown larger spin/charge conversion efficiencies, either at the Ag/Bi interface21 or at the 
surface of Bi2Se322,23 and -Sn24. However, in these cases the active 2D electronic states coexist 
with the bulk states, making it difficult to distinguish the contribution of the interface/surface 
from that of the more conventional 3D states25,26. In this report we address a prototypical 2D 
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material: MoS2 monolayer. MoS2 belongs to TMDs family. Recently MoS2 induced spin-transfer-
torque has been shown27 but the spin to charge conversion remains to be observed. To 
demonstrate the spin to charge conversion, we use the inverse RE effect configuration, originally 
proposed for SHE by Hirsch28, where a spin current injected into a nonmagnetic (NM) material 
generates a transverse charge imbalance, detected as a voltage signal. Pure spin current is 
generated by spin pumping29,30 , where the magnetization of a thin Co film is set in precession 
under ferromagnetic resonance (FMR) conditions. The out-of-equilibrium spin accumulation in 
Co pumped by the rf-magnetic field diffuses to the adjacent NM layer (here MoS2) which offers 
extra-spin-relaxation channels provided that the SOC is strong enough in this NM layer. 
Compared with spin-polarized charge current injection31,32, the spin pumping approach33 
circumvents the impedance mismatch problem at the FM/semiconductor interface 34,35.  
The experimental layout is illustrated in Figure 1. A n-Si/SiO2 wafer (Fig. 1a), with its center area 
( 5 mm × 5 mm) covered by chemical vapor deposited (CVD) monolayer MoS2, is used as a 
substrate of a continuous ferromagnetic (FM) stack (Al 3 nm/Co 10 nm/Al 3 nm/Cu 3 nm) 
deposition. The cobalt layer has therefore two equivalent interfaces which rules out any Rashba-
like contribution to the signal from within the FM36. Note here that the Al and Cu both have long 
spin diffusion length and do not act as spin sink. Samples are then cut so that the part with no 
MoS2 flakes are used as control samples (C) while MoS2\Al\Co\Al\Cu structures are hereafter 
labeled as S (Fig. 1b,c). As can be seen from the optical microscope image in Fig. 1d, the MoS2 
layer is not continuous but consists of isolated monolayer islands with lateral dimension of ~20 
μm; the areal coverage on S is  ~40% (see methods).  
As in any standard spin-pumping experiment involving metallic ferromagnets, there are two 
contributions to the photo-voltage signal. One is the voltage of interest that is to be presumably, 
in our case, attributed to MoS2. Here the MoS2 islands act as sources of a dc charge current IC, 
driven through the full stack. The other is the ubiquitous well-known spin-diode effect generated 
within the FM layer itself due to anisotropic magnetoresistance (AMR) and planar Hall effect 
(PHE)37. These two contributions can be distinguished according to their different lineshapes and 
angular dependences: while the AMR and the PHE voltages can have both dispersive (D) and 
Lorentzian (L) components, the spin to charge conversion gives a purely Lorentzian peak38. Al 
has specifically been chosen as the spacer between the Co layer and the MoS2 monolayer to 
increase the transparency of the MoS2\metal interface to spin current. There are two reasons for 
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that : the first is that Al work function (~ 4 eV ) is the closest to  the electron affinity of 
monolayer MoS2 among light metals39 (Fig. 1f). The “effective Schottky” barrier height is 
therefore minimized to ensure large diffusive spin flow through the Al/MoS2 interface. Secondly, 
as stated earlier, Al is not a spin sink due to its low SOC. 
 
Figure 2 presents the result of the voltage measurements on samples C (control) and S (FM stack 
on MoS2). Fig. 2a and Fig. 2c are the measured photo-voltage at 8 GHz for C and S, respectively, 
under the FMR condition. For the control film C, the lineshape of the voltage signal is mostly 
dispersive (green curve, 1, D), highlighting the expected contribution from AMR and PHE. Note 
that the small Lorentzian component (blue curve, 1, L) does not change sign with reversed 
magnetic field H. For sample S which includes the discontinuous MoS2 monolayer, two peaks are 
present in the measured photo-voltage signal shown as black circles in the upper panel of Fig. 2c. 
The fitted gray line includes a sum of two peaks: Peak 1 (green curve) appears at the same bias 
field as the peak in sample C. A new peak (red curve, 2) appears on the lower field side of Peak 
1. While the green peak 1 does not have a significant Lorentzian component, the red peak 2 
presents a strong Lorentzian signal, as shown in the upper panel of Fig. 2c by (the red cross 
marks). Because of the discontinuity of the MoS2 monolayer (Fig. 1d) in sample S, we attribute 
the origin of peak 1 (green) to the FM layer directly in contact with the Si\SiO2 substrate i.e. the 
gaps in between the MoS2 islands, while we ascribe the additional peak (2, red) to the FM layer 
deposited on top of the MoS2 islands. We use the fact that the resonance fields are different for 
the two FM regions to spectroscopically discriminate their photo-voltage contributions. We can 
therefore access simultaneously and under the same experimental conditions to the signal where 
no spin to charge conversion is expected (FM on Si/SiO2) and the signal of interest (FM on 
MoS2). The Lorentzian signal, as shown in the upper panel of Fig. 2c by (the red cross marks) 
changes sign when reversing the magnetic field, in contrast with the L component presented by 
the blue curve in Fig. 2a for C. The lineshape and the H field symmetry of peak 2 in sample S are 
the signature of the spin to charge conversion origin of this signal. 
To further strengthen this analysis of the complex lineshapes measured on S, we performed a 
systematic study over the frequency range of 4-8 GHz with step of 0.2 GHz. The extracted 
linewidths of peaks 1 and 2 and their resonance field positions are presented in Fig. 2b for sample 
C, and in Fig. 2d,e for sample S. The fitting result of the green peak 1 in S (green squares in d 
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and e) coincides well with the single peak in the reference sample C (green circles in b). The 
newly appeared red peak 2 in S always occurs on the lower field side of the initial green peak 1 
and has a larger linewidth, as presented by the red circles in d and e. Cu\Al\Co\Al layers when 
deposited on SiO2 and on MoS2 have also distinctive effective magnetizations (see supplementary 
information) with the FM layer deposited on MoS2 having the usual cobalt material parameters. 
This is due to different wetting properties of Al when grown on SiO2 and on MoS2. For instance, 
a single peak is observed when the Al spacer layer between Co and MoS2 is missing. 
After identifying the spin to charge conversion signal presented in Fig. 2c by the red cross marks 
we quantify the conversion rate following the calculations by Rojas Sánchez et al.21. The spin 
current density pumped from the Co 10 nm layer under FMR into the MoS2 monolayer is  
ܬ௦ ൌ ↑ீ↓
೐೑೑ఊమ԰௛ೝ೑మ
଼గఈమ ቎
ସగெ೐೑೑ఊାට൫ସగெ೐೑೑ఊ൯మାସఠమ
൫ସగெ೐೑೑ఊ൯మାସఠమ
቏ ଶ௘԰  (eq. 1) 
Where ݄௥௙   is rf-magnetic field, γ is the gyromagnetic ratio, α is the Gilbert damping parameter 
and ܯ௘௙௙ is the Co effective magnetization obtained through FMR measurements (see 
supplementary information). For a given frequency ߱/2ߨ, the main unknown quantity in (eq. 1) 
is the effective spin-mixing conductance ܩ↑↓௘௙௙ at the MoS2/(Al 3nm/Co 10nm) interface, given by 
ܩ↑↓௘௙௙ ൌ ସగெೞ௧ಷ௚೐೑೑ஜಳ ሺ∆ߙሻ   (eq. 2) 
, where ܯ௦and  ݐி  are the Co magnetization and thickness, ݃௘௙௙  is the effective Landé factor, ߤ஻  
is the Bohr magneton and ∆ߙ  is the increase in the Gilbert damping constant due to spin 
pumping. To extract ܩ↑↓௘௙௙ , the usual procedure consists of comparing the Gilbert damping 
parameter  between a reference ferromagnet (and the same ferromagnet capped with the spin-
sink layer (, attributing the total increase in  damping ∆ߙ ൌ ߙ െ ߙ଴ to the spin-pumping effect. 
Here this procedure breaks down since the cobalt grown on the spin-sink layer (MoS2) has 
different material parameters than the one grown on SiO2. We can however still calculate an 
upper bound for ܩ↑↓௘௙௙ of 1.54 × 1019m-2 using lowest reported value for polycrystalline Cobalt 
films40 (0 =5 10-3) and the Gilbert damping of S obtained using broadband FMR ( =7 10-3, see 
supplementary information). 
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In order to estimate the MoS2 spin to charge conversion efficiency, the most relevant theoretical 
framework is that of the inverse RE effect (iREE), interestingly enough 2D TMDs have both 
characteristics that allow for significant Rashba SOC, 1) the lack of inversion symmetry and 2) a 
large Rashba splitting. According to first principle studies, SOC for MoS2 can reach 150 meV for 
the valence band and is of  few tenth of meV for the conduction band2. The figure of merit of 
iREE is given by the iREE length (ߣ௜ோாா	= ܬ஼෩/ܬௌ),  ܬ஼෩  here is the charge current density expressed 
in unit of Am-1 as we consider a 2D material. The iREE length depends on the Rashba field 
parameter(ߙோ	) and the momentum relaxation time( ߬ ), its theoretical expression is the  ߣ௜ோாா 	ൌ
ߙோ߬/԰ 41 .  
In the following we will give an estimate of the lower bound of the spin to charge conversion 
efficiency (ߣ௜ோாா). In order to do so we need to estimate the upper bound for the value of the 
spin-current density ܬௌ generated by spin-pumping (eq. 1). The two most crucial parameters are 
the amplitude of ݄௥௙, the rf-excitation field and ܩ↑↓௘௙௙, the effective spin-mixing conductance. The 
maximum value of the rf-field ݄௥௙has been simulated for our coplanar waveguide at 20 dBm rf 
power to be 0.02 Oe ; and the maximum value for ܩ↑↓௘௙௙	has been calculated earlier. The 
maximum spin current density ܬ௦ is therefore 3.49 × 103 Am-2 at 8 GHz. In Fig. 2c, we observe a 
spin to charge conversion voltage of 90 nV, and the resistance of the FM film is approximately 5 
Ω. Taking into account the ~40% areal coverage of the monolayer MoS2 islands we obtain  ߣ௜ோாா	 
= 4.3 nm. This estimate is exceedingly conservative and any further precise evaluation of the 
calculation parameters can only induce a larger ߣ௜ோாா . Nevertheless, this value is significantly 
higher than λiREE reported for topological states at the Ag/Bi interface (0.5 nm) 21 or -Sn (2.1 
nm)24 reflecting the unique spin-electronic properties of the MoS2 monolayers. To allow 
comparison with 3D systems we can define a pseudo-spin Hall angle ߠௌு	 for MoS2 by dividing 
ߣ௜ோாா	 over the MoS2  layer thickness (0.3 nm)  which gives a value of 12.7. This value is 3 times 
larger than that reported by Mellnik et al.4 for Bi2Se3 and 200 times larger than that of Pt. An 
effective spin-Hall-angle as large as 12.7 cannot be justified within the standard inverse SHE 3D 
picture nor by defects mediated spin-scattering. This large efficiency value is indicative of an 
intrinsic 2D mechanism for spin to charge conversion.  
 
“Spin to charge conversion in MoS2 monolayer with spin pumping” by Cheng et al.    7 
 
Taking advantage of the semiconducting character of MoS2, we investigated the back-gate 
voltage (VBG) dependence of the photo-voltage lineshape for S. Fig. 3a shows the voltage signal 
measured at zero back-gate, showing the spin to charge conversion in red triangular marks. The 
linewidths of spin to charge signal (peak 2, red triangles for the L component) at different back-
gate voltages are plotted as red circles in Fig. 3b. For VBG = 10, 5 and 0V, there is no significant 
difference in the linewidths. For negative VBG we observe an increase of the linewidth; at -10 V 
bias, the linewidth and therefore the spin-relaxation-rate is 30% larger than the reference value at 
zero bias. This increase can be correlated to the non-Ohmic character of the Al\MoS2 contact, 
negative back-gate corresponding, in our convention, to an increase of the interface conductivity. 
As a confirmation of the non-Ohmic character of the Al/MoS2 contact, we performed resistance 
measurements on a MoS2 flake in a field-effect-transistor like geometry. The channel resistance 
RSD dependence on VBG is reminiscent of an asymmetric back-to-back diode configuration (inset 
of Fig.3b). The increase in the linewidth of the ܴ݅ܧܧ signal under negative VBG can hence be 
understood as an increase of the interface transparency to spin current and therefore to the 
effective spin-mixing conductance  giving rise to larger total spin-relaxation rate.  
 
In conclusion, our study of the FM/n-type MoS2 system demonstrating efficient and tunable spin 
to charge conversion opens up multiple possibilities of interplay between charge and spin signals 
in monolayer TMDs. For p-type (hole-doped) materials, the effect might be much more 
prominent since TMDs possess large intrinsic SOC in the valence band (~300 meV Rashba 
splitting has been reported for WSe242). Furthermore Large  motilities (up to 34000 cm2/Vs)  have 
recently been demonstrated43. Alternatively, spin injection via spin-pumping from out of plane 
polarized magnetic layers could allow for long spin lifetime in TMDs since the out-of plane spins 
states are topologically protected, making TMDs the possible next ultimate material for 
spintronics. 
 
Acknowledgments 
This work has been supported in part by the French Agence Nationale de la Recherche (ANR) 
NANOSWITI, MC acknowledges DGA for financial support. We would like to thank  Dr. Jean-
Marie George and Dr Henri Jaffrès for useful comments. 
“Spin to charge conversion in MoS2 monolayer with spin pumping” by Cheng et al.    8 
 
Methods 
Growth and transfer process of MoS2  
0.3 g of ammonium heptamolybdate (AHM, Sigma-Aldrich, 431346) powder was dissolved into 
deionized (DI) water. A drop (6 µl) of the solution was released with micro-pipet onto quartz 
wafer (~5 x 5 mm2) and dried at 80 oC oven for 3 min. The substrate was then placed next to 
target wafer (in CVD reactor) which was coated by sodium cholate solution as we described 
elsewhere 44. Note that, AHM source should be located at more upstream region than where the 
target substrate is place (zone 1) d. 200 mg of S was also placed at another heating zone45 (zone 
2) prior to growth process. The temperature of zone 1 and 2 were ramped to 210 oC (42 oC/min) 
and 780 oC (78 oC/min), respectively. MoS2 flakes were grown for 5 min with 500 sccm of N2. 
After growth process, MoS2 flake was carefully transferred onto Si/SiO2 wafers by PMMA-
assisted method with 1.0 mol KOH solution46. 
Deposition of the ferromagnetic films 
A continuous Al 3 nm/Co 10 nm/Al 3 nm/Cu 3 nm film was deposited using dc magnetron 
sputtering  onto the Si/SiO2 covered by the MoS2 triangular shaped flakes (Fig 1.d). The base 
pressure of the chamber was 10-8 Torr. The Al, Co and Cu layers were sputtered under the current 
of 0.2 A at the growth rate of 1.33 Angstrom/sec, 0.125 A at 0.828 Angstrom/sec and 0.225 A at 
5.633 Angstrom/sec, respectively. The films were measured for FMR and iREE as deposited, 
without any chemical or heat treatment. 
iREE measurements 
A radiofrequency generator was feed into a coplanar wave guide (CPW) using an SMA 
connector, the sample was placed on top of the signal line of the CPW with the magnetic stack 
facing up. Dc contacts were then bonded directly on the film using Al wires. The rf signal was 
TTL modulated at 5 kHz and the photo-voltage was measured using an analog lock-in amplifier. 
Angular dependence of the signal was recorded to confirm the spin-to charge conversion of the 
photo-voltage. All measurements have been performed at room temperature. 
FMR measurements 
Broadband FMR was measured using the field modulation technique in reflexing geometry using 
an SWR Anritsu autotester and 50 coplanar wave guide (CPW), the magnetic layer facing the 
CPW (flip-chip geometry). Field modulation had rms amplitude of 1 Oe or less. All 
measurements have been performed at room temperature.   
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Figure 2: Measured photo-voltage under FMR a, at 8 GHz for the control sample C 
(SiO2\\Al\Co\Al\Cu), the black line is the fitted lineshape; the dispersive component (1, D green 
line) and the Lorentzian component (1, L blue line) are shown separately. b, linewidth (left panel) 
of the peak observed in C as a function of frequency, showing linear dependence; relationship 
between the peak position and the frequency (right panel), fitted with the Kittel relation. c, 
sample S (SiO2\\MoS2\Al\Co\Al\Cu), showing two peaks; peak 1 has only AMR and PHE 
contributions (green line); peak 2 has an AMR and PHE contribution identical to peak 1 (red 
line), and an additional Lorentzian component (red cross). This signal is attributed to spin to 
charge conversion in MoS2 flakes. d, linear dependence of the linewidths on frequency and e, 
Kittel relation for the two peaks in S. All measurements have been performed at room 
temperature. 
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Supplementary information 
Flip-chip broadband FMR (see methods) has been performed to get the effective saturation 
magnetization 4πMୣ୤୤ and the damping parameter α, in the frequency range of 5-20 GHz with 
step of 1 GHz on C and S. The results are demonstrated in Figure A. Fig. A.a and b are the FMR 
signal at 12 GHz for C and S, respectively. A single peak is observed in C but an additional peak 
(2, red arrow) in S, consistent with the voltage measurements in Fig. 2. Since the frequency and 
magnetic field range are much wider in this FMR setup, it is possible to distinguish the two peaks 
explicitly at high enough frequencies. The fittings of the linewidths and the resonance position 
are presented in Fig. 3c and d for C, and in Fig. 3e and f for S. The linewidth and resonance-field 
dependence on frequency for C and peak 1 for S (green) are almost identical which confirms our 
assumption that the two-peaks feature in sample S is due to the difference in seed layer for the 
metallic stack growth. 
 
Figure A: FMR signal at 12 GHz for a, the control sample C and b, sample S showing two 
peaks. c (e), linewidth as a function of frequency to extract the damping parameter  for C (S, 
peak 1 (green squares) and peak 2 (red circles)). d (f), Kittel fit to extract 4πMs for C (S, peak 1 
(green squares) and peak 2 (red circles)). 
 
